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Abstract 
Sumitomo Electric (SEI) has been involved in the development of 66 kV-class HTS cables using REBCO wires. One 
of the technical targets is to reduce the AC loss to less than 2 W/m/phase at 5 kA. SEI has developed a clad-type 
textured metal substrate with lower magnetization loss than NiW substrate. REBCO tapes 30 mm-wide were slit into 
4 mm-wide strips, and these strips were wound spirally on a former with small gaps. The measured AC loss of the 
manufactured cable was 1.8 W/m/phase at 5 kA, achieving the AC loss goal.  
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1. Introduction 
High-temperature superconducting (HTS) cables offer large power capacity and low-loss power 
transmission in a compact package. The development studies and demonstration projects are currently 
underway around the world [1,2]. In a national project (Technological Development of Yttrium-based 
Superconducting Power Equipment) that began in 2008 [3,4], Sumitomo Electric (SEI) is responsible for 
the development of a 66 kV-5 kA class “3-in-One” HTS cable [5]. One of the important technical targets 
was to reduce the AC loss to less than 2 W/m/phase at 5 kA. This paper describes the experimental results 
for the AC loss of a manufactured cable and compares them with the results of numerical simulation.  
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Nomenclature 
 
Ic critical current [A] 
Jc critical current density [A/m2] 
It  peak value of the alternating transport current [A] 
f frequency of the alternating transport current [Hz] 
Q AC loss [W/m] 
2. “3-in-One” HTS cables 
Fig. 1 shows the structure of the “3-in-One” HTS cable. The three cores are housed in one thermal 
insulation pipe (cable cryostat), offering the advantages of compact installation space and reduced heat 
invasion compared with three single-core HTS cables, each requiring a separate cryostat.  
A cable core consists of a former made of stranded copper wires and an HTS conducting layer, an 
insulation layer, an HTS shield layer, and a copper shield layer, all of which are coaxially wound around 
the former. In normal use, the load current flows through the HTS conducting layer. The shielding layers 
of the three cable cores are short-circuited at both ends, and electromagnetic induction creates a current 
through each HTS shielding layer that is nearly identical to each load current and of opposite phase. This 
cable structure provides magnetic shielding, thus preventing electromagnetic interference (EMI) outside 
the cable. It would be inefficient to design the cable with several-fold overcapacity in the HTS conducting 
and shielding layers to provide for fault events Therefore, the copper former and copper shielding layer 
were added to the HTS conducting layer and HTS shielding layer, so that any fault current will be 
diverted to these protective structures, limiting the resulting temperature rise in the HTS layers.  
 
 
Fig. 1. Structure of the “3-in-One” HTS cable 
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3. Experimental Setup 
3.1. REBCO wires 
One of the important technical targets was to reduce the AC loss to less than 2 W/m/phase at 5 kA. 
The key technologies for AC loss reduction are the development of a low-magnetic textured substrate and 
the slitting of a wide REBCO wire into narrow strips.  
SEI has been developing REBCO wires on textured metal substrates using a pulsed laser deposition 
(PLD) system [6,7]. The conventional textured Ni-alloy substrate has a large hysteresis loss, which 
increases the AC loss of the HTS cables. So, SEI has developed a new type of textured metal substrate 
referred to a clad-type substrate. A clad-type substrate is composed of a non-magnetic metal plate, and a 
thin textured metal film on the plate. The magnetization loss in the clad-type substrate (52 J/m3/cycle) is 
one twenty-fifth that in the Ni-alloy substrate (1300 J/m3/cycle). 
The developed REBCO wire is composed of a 120-ȝm-thick clad-type textured metal substrate, 
CeO2/YSZ/CeO2 buffer layers, a GdBa2Cu3Cux (GdBCO) superconducting layer, and a stabilizing Ag 
layer. A 30-mm-wide wire was slit into 4-mm-wide strips, and each strip was coated by electroplating 
with 20-ȝm-thick copper. The specifications of the REBCO wires are listed in Table 1. 
 
Table 1. Specifications of the REBCO wires 
Items Specifications 
Substrate Clad-type textured metal (120 ȝm) 
Buffer layer CeO2/YSZ/CeO2 (0.5 ȝm) 
HTS layer GdBCO (2-3 ȝm) 
Protection layer Ag (DC sputtering, 8ȝm), Cu (electroplating, 20ȝm) 
Width  4 mm 
Thickness 0.17 mm 
 
3.2. Cable configuration 
To evaluate the AC loss characteristics of HTS cables with REBCO wires, a cable core with a 4-layer 
conductor and 2-layer shield was manufactured. The specifications of the manufactured cable core are 
listed in Table 2. The REBCO wires were spirally wound on an FRP former with the superconducting 
layer outward. Fig. 2 shows a surface view of the cable core.  
The cable core had an Ic of approximately 6000 A at 77.3 K. It was installed in a cryostat to cool it 
below 77.3 K to ensure sufficient It/Ic at 5 kA. Liquid nitrogen in this cryostat was cooled by reducing the 
internal pressure using a vacuum pump. The temperature was controlled by regulating the valve between 
the cryostat and the vacuum pump. The AC loss characteristics of the cable core were evaluated at 
various temperatures.  
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Table 2. Specifications of the HTS cable core 
Items Specifications 
Diameter of former 21 mm 
HTS conducting layer 4 layers, 4mmw REBCO wires, 59 pcs 
Electric insulation layer PPLPۑR , 6mmt 
HTS shielding layer 2 layers, 4mmw REBCO wires, 50 pcs 
Diameter of cable core 40 mm 
Length of cable core 2 m 
 
 
Fig. 2. Surface view of a manufactured HTS cable core 
 
4. Experimental Results 
Fig. 3 shows the measured AC loss of the HTS cable core at 74.5 K and 63.8 K. The measured AC loss 
at 74.5 K was 0.78 W/m at 3.2 kA, 50 Hz (It/Ic=0.55). The AC loss in the cable core decreased with 
decreasing temperature. When the coolant temperature was 63.8 K, the measured AC loss was 0.52 W/m 
at 3.2 kA (It/Ic=0.33) and 1.83 W/m at 5 kA (It/Ic=0.53). The cable core thus achieved the AC loss goal of 
< 2 W/m/phase at 5 kA.  
 
 
Fig. 3. Measured AC loss of the HTS cable core 
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Fig. 4 shows the measured AC loss (Q) normalized by the critical current (Ic) of the cable core. The 
horizontal axis indicates It/Ic, and the vertical axis indicates the normalized AC loss (Q/Ic2/f), where f is 
the frequency of the transport current.  
In this figure, the solid line shows the numerically simulated AC loss for the cable core [8,9]. The 
numerical model is a two-dimensional (2D) model constructed using the finite element method (FEM). In 
this model, the transport current in each layer is set to be equal, while all wires are considered to be 
straight and parallel to the central axes of the cables. Since the critical current density (Jc) at the edges of 
REBCO wires usually deteriorates by slitting [10], a well-designed Jc profile (trapezoidal Jc profile with 
sloping shoulders of 0.3 mmw) was used in the numerical simulation. This Jc profile for a 4-mm-wide 
wire is shown in Fig. 5. 
As shown in Fig.4, the numerically simulated AC loss is almost the same as the experimentally 
measured loss. It was confirmed that the manufactured cable core works as designed.  
 
 
Fig. 4. Measured and numerically simulated AC loss (AC loss is normalized by Ic). 
 
 
Fig. 5. Jc distribution model of 4mmw wires for numerical simulation (trapezoidal model). 
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5. Conclusions 
SEI has been involved in the technological development of some of the key elements of the 66 kV-
class HTS cable using REBCO wires. One of the important technical targets was to reduce AC loss to less 
than 2 W/m/phase at 5 kA. A cable core was manufactured with 4-mm-wide strips with low-magnetic 
textured substrates, and the AC loss characteristics were evaluated at various temperatures. At 64 K, the 
cable core achieved an AC loss of just 1.83 W/m/phase at 5 kA. The measured AC loss was in good 
agreement with the numerically simulated AC loss. It was confirmed that the manufactured cable core 
works as designed. 
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